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RSXARCH  AMD 


lg?lUyMlBtT  OF  KATIBIALS  FOB  (HUBI  AT 
UATSRTOUM  ARS2MAL  UBOHATOBIfiS 


The  Ordnance  Corps  idsaion  for  reeearoh  and  deralopauHit  of  ferrous  nstals 
has  been  assigned  to  the  Watertoen  Arsenal.  lay] ementatlon  of  this  aission 
responsibility  exists  in  several  anas.  Basic  research  Is  bejng  conducted  on 
the  developioeot  of  new  alloys  and  on  techniques  to  improve  existing  alloys. 
Concurrently^  applied  research  is  being  competed  on  ferrous  sUoyB  for 
particular  nilitary  applications.  Xxanples  of  this  applied  research  which 
have  been  conducted  over  a  number  of  yeaxe  with  fruitful  results  are  the 
anaor  materials  program  and  the  gun  materials  program.  It  is  the  latter  of 
these  with  which  we  are  concerned  today. 

Althouc^  Watertown  Arsenal  has  been  at  the  forefront  of  gun  materials 
development  for  well  over  100  years^  the  period  from  about  19U0  on  will  be 
one  with  idileh  we  are  concerned.  During  this  period^  ertensive  research  has 
been  conducted  on  the  selection  of  alloys  and  the  processing  of  these  alloys 
to  provide  the  mlcrostructures  and  resultant  high  mechanical  properties  that 
modem  guna  demand.  The  mechanisms  of  wear  cf  gun  tubes-— erosion  and  progressive 
stress  damage— have  been  studied  extensively  and  an*  now  quite  well  underetood. 
Teohrd.que8  which  provide  reduced  wear  and  stress  damage  hare  been  dsfvelopad 
to  prer^de  gun-biurrel  materials  to  withstand  ease  of  the  oonditione  imposed 
by  Uie  demand  for  hi^-reloclty  smsunltlon.  Nsthods  of  inspecting  the  materials, 
and  even  the  finished  barrels,  by  nondestructive  teohnlquee  have  been  developed. 
Azul  last,  but  f^  from  least,  the  specification  requiremante  which  insure  that 
accepted  gun  barrels  will  perform  adaqxxately  have  been  developed  and  incorpo¬ 
rated  into  appropriate  procurcim>^i,  specif ioations.  Let  oa  lo^  at  some  of 
t^ese  factors  in  more  detail. 

During  World  War  II  eome  guns  were  falling  in  the  field  in  apeoteoular 
fashion  by  what  is  now  termed  "brittle  failure.”  Intensive  inrestigatlons  at 
Watsrt'wn  Arsenal  Laboratories  determined  that  in  all  these  failures  tou^insss 
was  lacklna  1°  the  barrels.  Research  in  progress  on  strain  rate  and  notch 
sansitivlty  was  intansifisd.  It  was  determined  that  tha  effect  of  inoreaelng 
the  strain  rata  could  be  duplicated  by  ireduoing  the  test  temperature  aiui  that 
tha  phenooMnon  oould  be  observed  ouch  more  readily  in  sharply  notched  speeimans. 
Thase  vtudiaa  resulted  in  the  development  of  the  f-Notoh  Cbarpy  Ispaot  epeoiman 
as  s  tool  which  could  distinguish  the  tou|^  frcai  the  brittle  gim  steels. 

Concurrently,  intensive  metallurgioal  etudiee  oonolndsd  that  ttnuhntss 
was  a  function  of  the  niorostnicture.  ?-lot<^  Chaxpy  impact  apedmans 
machined  from  a  given  steel  and  broken  at  teayeraturee  ranglog  Arom  aboot 
♦200*?  to  about  -200”T  revealed  that  at  seas  temparature  a  sharp  tienaiticn 


from  toug^  to  brittle  beha-vior  exietod*  One  steel  sanqxLe  was  divided  azul 
each  resulting  sarple  heat  treated  to  a  constant  stren^h  level  but  with 
a  microstructure  different  frc,n  the  others.  Curves  typical  of  the  result^ 
ing  impact  transition  curve  ^  choun  in  Figure  1.  It  was  detemlned 
that  the  sanples  having  tempered  nartensltlo  miorostructuree  p.^nvlded  the 
lowest  transition  temperature  y  or  the  maximum  resistance  to  brittle  failure 
at  low  temperature. 

As  a  result  of  this  research  and  development  activity^  the  V-Motch 
Gbarpy  isqpact  test  was  developed  into  a  specification  acceptance  test  by 
Watertown  Arsensl.  For  gun  steels  (or  many  other  alloy  steels)  the  speci¬ 
fication  of  the  proper  Uiqpact  requirements  at  -UU*F  and  s  particulau  strength 
level  will  insure  that  heat  treatamnt  haa  resulted  in  a  te^ered  martensitic 
structure.  Hencep  maxlivum  reeietanoe  to  brittle  fracture  has  been  eocom- 
pllehed.  Ihis  touc^mess  provision  was  first  incorporated  in  gun  eteel 
specif ications  in  19i|6. 

Hore  reoentlyp  research  at  Watertown  Arsenal  has  been  directed  toward 
the  enalytlc  determination  of  the  atrees  diL>tribution  in  notched  or  cracked 
specimens  considering  both  elastic  and  plastic  dsformation.  It  is  hoped 
that  such  activity  will  lead  eventually  to  use  of  the  Qiupy  iaqpaot  strength 
on  a  quantitative  basis  for  the  design  of  Ordnam  a  coeponente  subjected  to 
dynamle  loading. 

Another  prime  factor  in  limiting  gun  perfonuanoe  is  the  natter  of  barrel 
e^’^eion.  Watertown  Arsenal  has  been  concerned  with  bore-protection  treatment 
to  mlrlmice  erosion  and  hae  carried  out  or  eupported  research  and  development 
studies  in  fields  including  chromium  electroplatingp  molybdenum  vapor  deposl- 
tlonp  and  chromium-base  alloys. 

Chromium  plating;  originally  adapted  by  the  Navy  for  protection  against 
corrosion;  has  proved  valuable  in  improving  gun-barrel  life  in  varying  degrees. 
Reeearoh  eupported  by  Watertown  Arsenal  has  led  to  the  development  of  ohromiuis- 
alloy  eleotrodeposits  wit'  si^rlor  properties  to  those  of  conventional  chro¬ 
mium  plate.  An  alloy  of  app/oadmately  90%  oiiromlum  and  10$  iron  has  been 
developed  which  is  virtually  crack  free;  can  be  deposited  at  rates  three  to 
ei^t  times  that  of  regular  chromium  plate;  and  shows  better  retention  of 
herdneea  than  regular  plate.  The  deposit  has  displayed  excellent  adhesion 
and  erosion  characteristics  in  recently  coiqpleted  $00  -round  firing  testa  in 
the  •60-caliber  erosion  gauge  weapon.  Further  resaai'ch  on  factors  affecting 
control  of  adhesion  are  required  before  scaled-up  firing  trials  can  be  under^ 
taken  on  oaraion  barrels. 

Molybdenum  is  one  of  the  most  promising  erosion-resistant  materials; 
however;  its  utilization  as  a  coating  is  hao^red  by  the  lack  of  a  satisfactory 
commercial  method  for  ^>plying  it.  As  e  result  of  studies  sponsored  by 
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'Watertoim  Arsenal  at  Maasachuastta  Inatltuta  of  Taohnology  and  Katlonal 
Raaaarch  Corporation,  the  formation  of  vapor  dapoalta  of  Bolytodenum  by 
hydrogen  reckiotlon  of  molybdenum  pentachlorlde  haa  reached  the  develop¬ 
ment  atage*  Ability  of  auch  coated  Inaerta  to  wlthatand  the  atreaaea 
Induced  by  actual  firing  oondltlona  haa  been  demonatrated. 

Watertosn  Araenal  recognlaed  the  value  of  chrondum-baae  alloys  aa 
potential  gun-llner  materials  due  to  hl^  oxidisation  resistance,  good 
stress  rupture  life,  and  Intrinsic  erosion  resistance,  and  fostered  an 
extensive  alloy-development  program  which  culminated  In  an  Industry-wide 
symposium  on  ductile  chromium  In  1955*  Research  at  Watertown  Arsenal 
is  currently  ceriter^d  tr.  double-melted  50$  chromium  binary  alloy  coii?>o8l- 
tlona  and  Is  being  directed  toward  fabricating  lest  Inserts  with  con 
troUable  mechanical  properties.  To  achieve  desired  ductility,  tou^mess, 
snd  grain  size.  It  appears  necessary  to  utilize  combinations  of  hot  and 
cold  meohanlcal  woxiclng  starting  with  extruded  shapes. 

Recent  metallurgical  studies  of  materials  for  guns  have  been  aimed 
at  developing  high-strength  materials  to  minimize  the  weight  of  artillery 
weapons.  Scientific  studies  In  the  field  of  v  :.tra  high-strength  materials 
are  being  surveyed  very  closely.  Evaluations  of  many  promising,  hlgn- 
strength  cazxUdate  materials  Including  ultra  hl^-strength  steels,  titanium 
alloys,  aluminum  alloys,  and  reinforced  plastics  have  been  conducted. 
Internal  studies  have  incluaed  hx^-strength  titanium  alloys, and  at  least 
one  alloy  (whlc*  has  been  produced  in  commercial  quantities)  has  been 
developed  having  a  yield  strength  of  x30,000  psl  with  satisfactory  toug^meae 
and  ductility. 

.^im'^e  bitt  research  and  developaMnt  program  on  materials  for  conven¬ 
tional  ariUJory  nas  been  quite  modest  (^Ing  recent  years,  w^shaala  has 
been  placed  cn  Increasing  the  cos^nation  of  stren^  and  tou^mess  In 
st«e3  and  also  conserving  strategic  alloys.  7ou£^,  high-strength  steels 
are  r<)qul^'eci  >>ccau8e  of  increased  muzzle  velocltlen  and  higher  internal 
pressure,  as  well  as  the  desired  weight  reduction  of  hl^x-perfomance 
weapons  for  tank  and  anti-aircraft  use.  Conseqxantly,  mstalltu’glcal  studies 
hsvs  been  guided  to  work  In  this  area. 

A  atwiy  haa  been  conducted  to  compare  the  metallurgical  and  mechanical 
properties  of  steels  cold  worked  to  strength  with  steels  heat  treated  to 
rtrength.  It  has  been  determined  that  steels  heat  treated  to  relatively 
low  strengths  and  then  coii  worked  to  strength  (up  to  yield-strength  levels 
of  180,000  psi)  possess  higher  la^ct  properties  than  steolf  heat  treated 
to  high  atrength.  Unfortunately,  It  has  not  been  possible  to  obtain  q\iantl- 
tatlve  Information  on  th  -^latlve  aervlce  performance  of  gun  tubea  In  the 


3 


two  dlTforent  condltionB*  Vacuum-'inelted  steels  ax^  bslxig  consldsirsd  because 
of  the  very  hi^  strengths  obtainable  (acre  than  200,0CX)  pel  yield!  strength) 
and  the  excellent  toughness  reported  at  these  hl^  strengths.  To  date^ 
however^  no  firing  tests  have  been  conducted. 

Scientific  progress  in  physical  netallurgy  has  been  followed  quite 
closely  so  that  new  developments  can  be  utilized.  In  this  connection,  studies 
have  been  conducted  to  assess  the  use  of  rare-earth  metals  and  boztsi  in 
modified  90MM  and  12C^  gun  steels.  Iiqprcvements  have  not  bean  consistent, 
but  the  results  showed  that  in  several  cases  rare-earth  metals  improved 
impact  energy  and  lowered  the  transition  temperatures  in  V-Notch  Charpy 
impact  tests.  The  boron,  which  raises  hardenabillty  and  thereby  permits 
a  reduction  in  alloy,  did  not  show  any  consistent  improvement  in  harden- 
ability.  The  studies  have  demonstrated  the  io^ortance  of  control  during 
processing  in  order  to  realize  the  maxiinum  benefit  In  hardenabillty. 

Thersforf,  althoMgh  desirable  for  reducing  the  use  of  strategic  alloys, 
appropriate  processing  controls  ^particularly  lueiiing  and  deoxidisation 
practice)  must  be  developed  at  each  production  facility  before  a  consistent 
tii?)rovement  in  hardenabillty  can  be  obtained. 

ioere  is  little  need  to  stress  the  importance  of  reliable  nondestructive 
testing  of  gun  barrels  and  components.  Because  of  the  possible  catastrophic 
nature  of  a  service  failure,  it  is  often  necessary  to  discard  barrels  before 
the  end  of  their  useful  life*  Measurements  of  v«ar  on  the  bore  of  a  gun 
barrel  can  be  taken  an  indication  of  the  life  span;  however,  no  considera¬ 
tion  is  taken  of  the  serious  possibility  of  failure  resulting  fron  the 
progressive  enlargement  of  small  cracks  originating  in  the  suvface  of  the 
bore.  It  was  for  this  reason  that  the  magnetic  recording  borescope  was 
developed  at  Watsrtovm  irsenal.  This  instrument  produces  a  permanent  record 
on  a  strip  chart  of  the  condition  of  the  bore  of  the  gun  barrel.  Heoords 
Ox  this  type  taken  at  inter'uls  through  the  service  life  of  the  gun  will 
provide  an  accurate  and  reliable  indication  of  the  rate  of  progression  of 
damage  in  highly  stressed  areas.  Thus,  the  life  of  the  gun  is  realistically 
detenained  by  the  direct  measurement  of  the  actual  factor  contributing  to 
the  failure  of  the  barrel. 

A  recent  innovation  for  the  nondestructive  Inspection  of  new  machine 
gun  barrels  to  assess  tia  adequacy  of  heat  treatment  during  manufacture  has 
been  developed  at  Watertown  Arsenal.  Essentially,  it  is  based  upon  two 
different  methods  of  examining  micro structure  nondestructively  and  depends 
for  its  operation  upon  the  fact  that  different  microstructures  exhibit 
both  different  magnetic  behavior  and  the  high-frequency  sound  tranoRission 
characteristics. 

In  the  magnetic  teat  the  barrel  to  be  inspected  Is  compared  by  means 
of  a  very  sensitively  balarjced  magnetic  bridge-type  of  circuit  with  one 


that  ia  knovm  to  have  been  correctly  heat  treated,  Vflien  performed  uiidar 
carefully  controlled  conditiona  any  resulting  unbalance  can  only  be  duo 
to  such  factors  as  auirface  imperfections  or  a  onmartensitic  nicrostructuro 
resultijig  from  inadequate  heat  treatment.  Both  are  rejectable  conditiont». 

The  degree  of  unbalance  which  can  be  tolerated  for  a  particular  barrel 
design  can  only  be  fixed  after  exhaustive  tests  and  correlation  work. 

The  test  based  upon  the  high-frequency  sound  transmission  characteristics 
consists  of  measurement  of  the  ultrasonic  attenuation  at  a  frequency  of 
50  megacycles  per  second.  Ultrasonic  attenuation  in  a  solid  is  a  rather 
involved  function  of  many  variables  but  becomes  more  and  more  dependent  upon 
’’pcattering”  as  the  frequency  rises  to  the  high  megacycle  range  as  shown 
in  Figure  2.  In  the  range  between  about  35  to  90  megacycles,  the  fine 
homogeneous  adcrostructure  of  tenqjered  martensite  e^d^ibits  very  11 ‘.tie 
ccittcrli^  effecti  while  ihe  coaiser  and  less  homogeneous  bainitic  and 
ferritic  miorostructures  are  responsible  for  a  considerable  amount  of 
attenuation  due  to  scattering.  In  the  figure-  the  curve  on  the  right  rep¬ 
resents  a  martensitic  gun  barrel.  Thust  ultrasonic  attenuation  measurements 
carried  out  within  this  range  of  fre'-uencies^  and  under  carefully  controlled 
conditiona <  provide  a  powerful  tool  for  the  nondestructiv?  determination  of 
microstructure. 

The  magnetic  test  which  thoroughly  checks  the  barrel  outer  surface 
layer  and  the  ultrasonic  attenuation  test  which  checks  the  average  micro- 
structure  existing  in  the  barrel  cross  section  are  used  as  a  double  test 
for  the  adequacy  of  heat  treatment.  'Kiat  these  teste  are  very  successful 
can  beet  be  demonstrated  as  follows j  Watertown  Arsenal  recently  inspected 
well  over  100,000  20MM  machine  gun  barrels  with  these  nondestructive  teste 
to  separate  barrels  most  susceptible  to  brittle  fracture — that  le,  containing 
nonmartansitic  constituents  in  the  microstructure.  A  portion  of  the  test 
setx;qp  is  shown  in  Figure  3. 

Viatertown  Arsenal  is  also  Involved  in  the  Vigilante  system  to  determine 
the  effect  of  vibrations  induced  by  the  high,  rate  of  fire  on  the  aiming 
accuracy.  A  lA  scale  model  was  constructed  and  is  shown  under  static  test 
in  Figure  h.  The  static  tests  are  essential  to  measure  deflections  which 

b*  used  for  the  vibration  ai  alysle.  The  vtbratlor  ar;alyel8  will  be 
conducted  with  the  aid  of  the  ar^jilog  computer  which  is  shown  in  Figure  5. 

The  analysis  involving  ^lany  degrees  of  freedom  and  several  nonlinear  para¬ 
meters  will  aesass  the  effect  of  the  various  parameters  cn  the  aiming 
accuracy. 

The  rx)et  rec  '  activity  at  Watertown  Arsenal  has  been  concerned  with 
the  deva..oF*ant  aj).-  processing  cf  high-strength  titanium  alloys  for  use  in 
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Khranced  weapons  systems.  Typical  of  the  properties  obtained  In  these 
sluminuBv-vanadium  and  alianlrum^vanadlsB^tln  titanium  alloys  by  suitable 
leat  treatment  are  those  contained  In  figure  6,  Notice  that.  In  all  cases, 
the  tensile  and  yield  strengths  have  been  Increased  without  sacrifice  of 
tensile  ductility  of  V-Notch  CSiarpy  Impact  strength.  Notice  too,  that 
the  highest  yield  strength  listed  la  182,000  psi  which  Is  equivalent  to 
310,000  psl  in  steel  on  a  strength-mle^t  ratio  basis.  It  is  also  of 
interest  to  note  that  these  alloys  are  all  being  pro(k>.ced  ccoaercially  by 
more  than  one  producer. 

^ere  is  a  marked  difference  between  titanium  and  steel  in  that  grain 
refinement  in  steel  can  be  acconplished  subeequent  to  hot  working  by  suit¬ 
able  heat  treatment,  whereas  in  titanium,  grain  refinement  can  only  be 
obtained  by  het  worxing  requiring  close  taif}erature-cycle  control.  Figure  7 
shows  the  tremendous  difference  In  grain  size  vhen  specimens  are  heated 
to  teoqperatures  just  below  the  beta  transus  in  one  case,  and  just  above 
the  beta  transus  in  the  other.  For  hot  woxking  of  titanium  alloys,  then, 
the  position  of  the  beta  transus  is  of  critical  Importanoe.  The  situation 
is  further  coiqsllcated  by  the  rather  pronounced  effect  of  alloying  elements 
on  the  position  of  the  beta  transus  as  shown  in  Figure  6.  The  alpha  form¬ 
ing  elements  are  shown  on  the  left  and  the  beta  stabilizers  are  shown  on 
the  right.  Proa  these  figures  it  is  obvious  that  the  aUoy  coiqx>sltion 
must  be  known  qidte  accurately  before  hot  working  can  De  specified. 

Use  of  these  alloys  in  Ordinance  special  weapons  items  required  the 
development  of  prccesslng  techniques  to  form  than  into  usable  shapes  at 
ininlffium  cost.  While  these  techniques  were  being  developed,  tubular  parts 
were  machined  from  billets  by  trepanning  as  shown  in  Figure  9*  The  fact 
that  this  was  the  first  successful  trepanning  accoiq^lished  on  titanium  alloys 
was  an  accomplishment  coincidental  to  the  over-all  program.  Nevertheless, 
trepanning  provided  a  means  for  fabricating  the  parts  required  initially, 
and  the  trepanned  core  was  available  for  research  and  development  work  to 
further  improve  the  alloy  properties. 

Various  forging  and  extrusion  techniques  were  developed  which  permitted 
fabrication  of  critical  parts  for  aninunition  components.  Successful  firing 
teats  of  these  items  proved  that  titanium  alloys  are  now  engineering  alloys 
worthy  of  consideration  for  Ordnance  use  where  impact  loading  is  involved 
and  particularly  where  minimization  of  weight  is  ijqx>rtant.  Modification  of 
these  processing  techniques  were  developed  for  fabrication  of  conqponents 
for  various  high-strength,  lightweight  artillery  and  automotive  systems. 
Exanq)le8  of  experimental  forged  titsunium  tank-track  cciqwnenta  are  shown  in 
Figure  10. 

In  one  of  the  research  and  development  recoilless  rifle  davolopaenta 
a  three-piece  construction  was  used,  ^niis  construction  is  an  e3q)edlent 
since  each  conqponent  can  be  fabricated  to  the  hi^  strength  required  with 


i 

m 

f 

S 

m 


O 

c 

X 

m 


o» 


o 

H 

m 


m 


is 

ut 

> 

o> 

> 

r~ 

r 

1 

r- 

1 

H 

> 

> 

> 

r~ 

1 

n 

r 

r* 

1” 

O 

cn 

ot 

1 

1 

1 

1 

< 

1 

f\t 

</> 

z 

< 

1 

f\> 

s 

m 

A 

•1^ 

A 

A 

> 

< 

< 

< 

< 

-< 

“D 

m 

-< 

2 

o 

> 


(O 

CH  O 


a» 

fN>  — 


0)  a> 

(\) 


OI  fN> 


A  Oi 

IN)  Oi 


o  o 


ot 

o 

o 

O 

~ 

— 

Oi 

l\> 

m 

u« 

<f> 

— 

O 

— 

<7> 

1 

O 

•• 

m 

o 

o 

• 

Oi 

f\) 

rv) 

i\) 

O 

1 

Oi 

Oi 

a> 

a) 

o 

u> 

u> 

fV> 

1 

1 

1 

i\) 

r\) 

oi 

“  e  »  av 

X  5  cr 
—  m  c  — 

S  * 


D 
(/> 

8 

O 


(/> 


?  (/) 


(/) 


m 

5 


> 

H 

m 

3} 

H 

O 

z 

> 

31 

(/) 

m 

z 

> 

r 

r 

> 

w 

o 

31 

> 

H 

O 

m 

(/) 


> 


m 


m 

m 

X 

z 

o 

*0 

X 

o 

X 

m 

X 

H 

m 

tn 

O 

•n 


c 

Z 

> 

r 

r 

o 

-< 

a> 


I 

r 


I 

O 


*0  5° 

►  5  -i 

o  3  O 
H  I 


o  o 
w  c 

52  ni 

Si* 


O  3) 
"n  rn 

o  o 

[I  ^ 
o 

c  (/) 

5  m 
m2 


SSi 

>  > 
^  z 

z  3 

>  T 

2  ji 

c  2 

H  5 

m 

S  2 

2  3B 

m 

Z  H 

?° 
C  (/) 
3>  m 
m  r 
w  m 
o 

5  ^ 

Z  n 

O 

H 
■»i  m 

g  3? 

C!  t 


ra  “  a 
m 

i^i 

>  9 

sH-i 

gog 

O  a*  ^ 

Q 

^  H  -0 

H  9  Z 
C  O 
OB  Z  o 
m  =  m 

^  o 


z  “* 
2  m 

2  ^ 
1;^ 
2  c 

O  OD 

m 


m  o 
o 


</>  o 
* 


2  “>< 
Z  <71 


r 

> 

o 

o 

I 

s 

m 

0) 


TITANIUM 

BETA  TRANSUS  DETERMINATIONS  -  METALLOGRAPHIC  EVALUATION 


ALPHA  FORMERS  CONTENT— ♦  Ti  BETA  STABILIZER  CONTENT - 

CAl.C.Pi.W,)  CMo.V,Cr.Ft,Mn,Cb,2r.Cu,H») 

rm 

FIGURE 


WATERTOWN  ARSENAL  LABORATORIES 


WATURTOWN  ARSENAL  LABORATORIES  «tjl  Mi-im 


CAP  ,  CENTER  GUIDE 


■> 

p 

9 

■> 

1 

B 

4 

n 

D 


giuiranteed  results^  whereas  fabrloation  of  a  aonobloo  gun  would  require 
derelopment  of  suitable  fabrication  processes.  The  three  coqponente  are 
connected  with  threaded  Joints  as  shown  In  Figure  11.  A  special  reduced 
height  thread  was  designed  to  ndninlse  welghtj  gas  sealing  was  aoconyllsfaed 
with  a  copper  gasket;  and  an  epoxy  resin  was  used  to  seal-penMnootly  lock 
the  sections  together.  As  shown  In  Figure  12,  these  joints  were  derlsed 
from  stress-analysis  calculations.  The  adequacy  of  the  joint  was  proren 
In  firing  tests. 

The  inportance  of  the  use  of  high-strength  tltaniiai  alloys  In  the 
recoilless  rifles  cannot  be  over  esyhaelaed.  Weight  savings  of  hO%  were 
realised  by  neetlng  the  sene  eechmlcal-propezly  req[ulrsnants  which  were 
specified  for  alloy  steel.  The  experijMntal  recoilless  gun  wads  froa 
steel  weighs  about  75  pounds  and  Is  not  considered  ■anportable,  while  the 
experlnental  gun  made  of  titaniua  alloys  weighs  only  ij  pounds  and  Is 
manportable.  Although  the  materials  cost  ratio  per  pound  of  steel  to 
tltanlxaa  alloy  is  about  10  to  1,  the  oTer-all  cost  of  the  Itea  made  of 
tltazdua  Is  approximately  1^0%  of  the  cost  of  the  Itsra  made  of  steel. 

In  addition,  the  water-quenched  alumlnun-vanadlum-tln  titanium  alloy 
exhibits  excellent  hl^-tes^rature  properties.  The  yield  strength  as 
a  temperature  of  900*F  is  100,000  psi. 

As  a  result  of  the  success  of  this  titanium  alloy  in  reoolllees  rifles, 
modified  ccoposltlons  of  other  titanium  alloys  are  being  Inreetlgated. 
Preliminary  results  Indicate  that  yield  strengths  of  over  200,000  pel  osn 
be  obtained  with  adequate  toughness  and  ductility.  This  succeea  indloatee 
that  yield  strengths  exceeding  200,000  pal  will  become  a  reality  In  tha 
very  near  future,  \dien  siich  strengths  are  obtained,  titanium  alleys  will 
achieve  new  pruslnence  in  weaponry  oecause  they  will  poaseas  far  higher 
strength-weight  ratios  than  any  other  engineering  material. 
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STRESS  ANALYSIS  OF  THE  EXPERIMENTAL  RECCMLLESS  RIFLE 
TUBE  THREADED  CONNECTION 
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